Abstract
Introduction
According to the World Health Organization, post-traumatic mortality rates are still very high and show an increasing tendency. Severe infections and multiple organ dysfunction syndrome (MODS) are among the most severe traumatic complications, burdened with high mortality [1] . Mortality in the course of sepsis complicated by septic shock or multi-organ failure is 25-75% [2, 3] . Early systemic inflammatory response syndrome (SIRS) is one of the more important factors leading to MODS, which accompanies severe trauma and infection. Late detection of this reaction, i.e. at the time of clinical symptoms of sepsis or MODS, causes significantly lower effectiveness of therapy. As shown by previous studies, increased production of selected mediators of the early inflammatory response (e.g. cytokines) may precede clinical symptoms of severe sepsis and MODS [3, 4] . This is probably related to two phases of the inflammatory response to injury and infection. The simplified scheme of the immune response to injury and infection assumes that the early stage is primarily a pro-inflammatory stage mediated by proinflammatory cytokines (including TNF-α, IL-1, and IL-6). The second stage is the anti-inflammatory phase, with increased activity of anti-inflammatory cytokines (IL-1Ra, sTNFR1, IL-4, and IL-10) showing immunosuppressive action and activation of the mechanisms of acquired cellular immunity [5] [6] [7] [8] .
Most recent genetic research has questioned the presence of two phases in the inflammatory response to trauma and infection, suggesting that the pro-and anti-inflammatory responses proceed in parallel, which further complicates the early diagnostics of severe complications (e.g. MODS) and hinders distinguishing physiological inflammatory response from pathological response [9] [10] [11] . Post-traumatic "genetic storm" based on activation of approximately 5000 genes over several tens of hours does not always correlate with increased production of pro-or anti-inflammatory mediators [10, 12] . Some researchers question the significance of SIRS reactions, while stressing the important contribution of cellular immunity disorders (e.g. increased lymphocyte apoptosis), accompanied by immunosuppression, which is supposed to be the main cause of increased mortality in post-traumatic sepsis [13] . The heterogeneity of the studied patient groups, co-morbidities, and variable biological properties of the mediators, conditioning different effects, may be other factors that hamper the ability to distinguish a pathological inflammatory response from a physiological response, and thus the early diagnostics of severe post-traumatic complications [14] .
The size and type of trauma, concomitant infection, and therapeutic treatment (e.g. necessity for emergency surgery, transfusion) are of particular importance in the assessment of the early inflammatory response to injury and infection in patients treated in the hospital emergency department (ED). Scales assessing the severity of the patient's condition, the extent of the injury, and routine laboratory tests have limited sensitivity and specificity in the early assessment of severe post-traumatic complications. The selection of appropriate immunological indicators for early risk assessment of severe complications increasing mortality remains an open problem. It is known that concentrations of cellular response mediators in the peripheral blood (e.g. cytokines) depend, among others, on their half-life, time from the injury, and the presence of their soluble receptors or inhibitors. It is also difficult to assess the quantity and affinity of tissue receptors (e.g. located on endothelial cells) that bind cytokines secreted to the peripheral blood. It involves transduction of different signals to the cell and the lack of correlation between the expression of these receptors and the response to a given cytokine. In addition, concentrations of peripheral blood cytokines may be different than at the site of the injury [10, 15, 16] .
TNF-α is the key cytokine of the inflammatory response to trauma and infection produced predominantly by monocytes and macrophages in response to lipopolysaccharide (LPS) of bacterial walls. The effects of biological action of TNF-α are mainly dependent on the quantity of secreted cytokine. Rapid secretion after major trauma with infection can lead in a short time to shock, acute respiratory failure, intravascular coagulation, high fever, and death. On the other hand, the reduced ability of animals to synthesise TNF-α increases the sensitivity to a lethal dose of Escherichia coli [17] . TNF-α was found to be released faster than other pro-inflammatory cytokines and had a significant effect on the occurrence of immunosuppression. TNF-α exerts its influence on the immune system not only directly, but also by inducing the release of many cytokines [18] . Stimulation of TNF-α receptors may also cause direct tissue damage, macro-and microcirculation disorders with subsequent ischaemia, and/or reperfusion [19] . The effect of TNF-α is dependent on TNF receptors on the cell surface. We currently know two different receptors: sTNFR1 (p55, CD120α) and sTNFR2 (p75, CD120β). These receptors are found in every nucleated cell, mainly on leukocytes and endothelial cells, which may explain the multidirectional action of TNF-α: antibacterial, anticancer, but also in autoimmune diseases or circulatory insufficiency. At high concentrations, sTNFR1 inhibits TNF-α by preventing binding of this cytokine to membrane receptors. The sTNFR1 receptor binds both membrane and soluble forms of TNF-α, while sTNFR2 binds mainly the membrane TNF-α [20, 21] .
There are a number of hypotheses explaining the mechanisms of organ dysfunction that occur after trauma, regardless of the cause of the injury. One of these hypotheses points to the increased pro-and anti-inflammatory response in the first hours after major trauma, but does not precisely explain the difference between physiological and pathological immune response to trauma [14] . This problem is essential for the treatment from a clinical point of view because early detection of pathological response to trauma and infection may be important in predicting the course of the disease, starting proper diagnostics, and early treatment. In the classical model of the inflammatory response to injury, compensatory anti-inflammatory response syndrome (CARS) leads to a reduction in the severity of SIRS proinflammatory response in order to restore balance between pro-and anti-inflammatory response, but it leads to increased CARS in some patients and exacerbated immunosuppression [9] . Determination the relationship between excessive inflammatory response and increasing immunosuppression remains an unresolved problem [10] . It is still unknown whether early, excessive inflammatory response is a more important factor leading to severe organ complications or the parallel intensification of immunosuppression. The solution to this problem may be important for the efficacy of appropriate therapy (e.g. early immunomodulatory biological therapy), the aim of which, on the one hand, should be to limit the excessive inflammatory response, and on the other, to stimulate the cells regulating the immune response to trauma and to reduce immunosuppression. Efforts to stimulate cellular immunity in critically ill patients with infections are promising [22] , while attempts to reduce the inflammatory response to trauma are still not very effective [23] . In order to better assess the risk of severe complications in patients with trauma, there is a need for better understanding of the early immune response mechanisms to trauma, which may determine the further course of the disease. This study was aimed at gaining a better understand the mechanisms of early immune response to trauma. Furthermore, based on the parameters studied (TNF-α and sTNFR1), an attempt was made to determine their practical usefulness in the early diagnostics of severe post-traumatic complications.
Material and methods
The study group comprised 51 patients, including 39 men and 12 women, aged 18-80 years, average age 41.40 ±16.53 years, admitted to the Emergency Department (ED) of the Bielański and Praski hospitals due to trauma. The largest group consisted of patients after traffic accidents with multi-organ injuries. The injury severity score (ISS), which is most commonly used in the international classification of trauma severity, was used to assess the severity of the patients' status [24] . The entire group of patients, depending on the severity of the condition and the extent of injury, was divided into two subgroups: group A (n = 23) included patients with ISS ≥ 20, and group B (n = 28) comprised patients with ISS < 20. This division was adopted due to the specificity of trauma of the studied groups to better assess the impact of the extent of the injury on the investigated immune parameters. It is known that the ISS rate is the total of squares of the three highest scores in the Abbreviated Injury Scale (AIS) for the values of three body areas. According to this scale, major body injury in most publications is defined as > 15 points on the ISS. It should be emphasised that the mortality of patients with ISS < 15 was less than 5%, while ISS in the range of 16-24 points increased the mortality rate to 11-14%, and at ISS > 25 the mortality rate was over 36% [25, 26] ( Table 1) .
Among the examined group of patients, inclusion criteria for immunological tests were met by 32 patients, including group A n = 20 (ISS ≥ 20) and group B n = 12 (ISS < 20) ( Table 2) .
The study did not qualify patients over 80 years of age, patients after chemo-radiotherapy, patients with pre-existing chronic liver disease (cirrhosis), kidney diseases, diabetes mellitus, chronic inflammatory diseases, and patients chronically treated before admission to the hospital with steroids or nonsteroidal anti-inflammatory drugs. Clinical monitoring involved the following parameters: type of injury and treatment, including the number of operations/reoperations, type and number of complications, length of hospital stay, and duration of respiratory treatment and mortality. Routine laboratory tests were performed in all patients.
Cytokine measurement
The concentration of TNF-α and sTNFR-1 in the peripheral blood serum was examined at the time of admission to the ED (at the time of first blood collectionpoint 0) and after 3, 6, 12, and 24 hours of hospitalisation.
The analysis of cytokine concentrations in the peripheral blood plasma was performed based on commercially available ELISA enzymatic immunoassay kits, in accordance with the instructions provided by the manufacturer (Quantikine Immunoassay human TNF-α and human sTNFR1 R&D Systems Europe Minneapolis, USA). The sample of venous blood was centrifuged at 3200/min for 15 minutes, then plasma was stored at -80°C for further tests. The lower limit of assay sensitivity was 4.4 pg/ml and 3.0 pg/ml for TNF-α and sTNFR-1, respectively. Concentration readings were carried out using a DIALAB ELX 808 spectrophotometer and Gen 51.10 software. The concentration of cytokines was evaluated by comparing the absorbance values to a standard curve prepared by measuring the absorbance of samples of known concentration at a wavelength of λ = 450 nm. The results are presented as median pg/ml. The control group consisted of 20 healthy volunteers in a similar age and sex range, in whom cytokine concentrations in the peripheral blood serum was tested once.
Ethics
The study acquired the consent of the Bioethics Committee of the Medical University of Warsaw. Each patient gave written consent to perform research and access their disease history. All procedures were performed in accordance with the Declaration of Helsinki.
Statistical analysis
The relationships between the extent of injury and the occurrence of complications as well as the comparison of concentration values of the tested parameters (median, pg/ml) with the standard and between groups were made using the Mann-Whitney U test. The significance of changes in parameter concentrations was tested using the Wilcoxon test. The relationship between the change in concentration over time and the occurrence of complications was evaluated using the chi-square test. The correlation between cytokine concentrations and the extent of injury and selected laboratory tests was verified by the ρ-Spearman test. A series of receiver operating characteristic (ROC) curves was carried out in order to assess whether the likelihood of serious complications, including death, can be assessed based on cytokine levels and the ISS. The influence of age and gender on cytokine concentrations was analysed using the independence chi-square test and the Mann-Whitney U test. The level of significance was assumed at p < 0.05. The analyses were performed using SPSS 13.0 for Windows.
Results

Clinical part
In the presented material, the main cause of multiple organ injury was traffic accidents and falls from heights, found in 53% of patients. Of 51 patients, 33 (64.70%) required hospitalisation for more than 24 hours, including six patients treated in the intensive care unit (ICU). Twelve patients underwent emergency surgeries (splenectomy, exploratory laparotomy, repositions and bone fixation, chest drain), including two patients who required reoperation due to internal bleeding; in 16 patients, surgical procedures were carried out in the deferred mode (bone fixations and repositions). Of all patients, eight required further deferred surgical interventions (repositions or bone fixation). Fall from a height 5 5
Fall -7
Beating 2 3
Others 2 6
Type of injury Polytrauma 15 1
Head damage 4 11
Chest trauma 1 1
Abdominal injury -3
The trauma of the upper limbs -6
Trauma to the lower extremities 2 - (Table 3) . Of the 32 patients who were included in immunological tests, 16 had complications. The highest number of complications was observed in group A (13 patients; 65%), while in group B (ISS < 20 points) they occurred in three patients (25%) ( Table 2 ). In the group of the most critically ill patients (group A), two patients died within 12 hours of admission to the ED, and the remaining three on the fifth day of treatment. Patients with lighter injuries, after relevant medical procedures, were discharged home or transported to other health care units within 12 hours.
There were no statistically significant differences regarding age and gender in comparable patient groups with immunological tests (A vs. B and C + vs. C -). The level of ISS significantly correlated with selected results of laboratory tests only in the group of the most critically ill patients (group A): haematocrit (HCT), haemoglobin (HGB), erythrocyte count (RBC), blood glucose level, and blood pH value, but only in the first hours of hospitalisation (p < 0.05) ( Table 4) . No significant changes were observed in the remaining laboratory tests during the observation. Changes of selected parameters were at similar levels, regardless of the group examined.
Changes in cytokine concentrations
Assessment of TNF-α concentrations in comparable groups of patients (A vs. B) showed that the baseline values of this cytokine in both groups were not significantly elevated compared to the control group and amounted to 2.46 pg/ml in group A, and 1.78 pg/ml in group B (p > 0.05). Further observation of the dynamics of response to trauma and complications showed that the highest TNF-α concentrations occurred in the third hour of hospitalisation for group A and amounted to 2.79 pg/ml, while for group B they occurred slightly later, in the sixth hour of hospitalisation, and equalled 2.73 pg/ml. The increase in TNFα concentration was statistically insignificant in both groups compared to baseline values. There were no statistically significant differences between the study groups at the time points tested.
Subsequently, the analysis included changes in TNF-α concentrations depending on the existing complications. The concentration of this cytokine in patients with complications did not differ significantly compared to the group without complications (in the third hour of monitoring C + vs. C -: 3.20 pg/ml vs. 1.93 pg / ml, p > 0.05), with significantly higher concentrations in the group of deceased patients only in the baseline examination, at 4.052 pg/ml (p < 0.05). The course of TNF-α curves in both groups differed. The highest increase in the group with complications was recorded after three hours of hospitalisation, while in the group without complications after six hours of monitoring. The concentrations of TNF-α from the sixth hour of observation were at similar levels in both groups (6 hours for C + 2.08 pg/ml and 2.52 pg/ml, p = 0.364 for C -). Evaluation of sTNFR1 concentrations in comparable groups of patients (A vs. B) showed that baseline sTNFR1 concentrations in group A (ISS > 20) were significantly elevated at the time of admission to the ED compared to the standard, at 1667.5 vs. 1060.85 pg/ml (p < 0.001), and they persisted at a significantly elevated level until the sixth hour of observation. Baseline concentrations of this cytokine in group B were significantly lower compared to standard, at 875.2 pg/ml. Baseline levels of sTNFR1 in group A were significantly higher than in group B (p < 0.01). Further observation of the dynamics of changes in response to injury and concomitant infection and complications showed that the highest sTNFR-1 values in group A occurred during the first examination after admission to the ED. The concentration of sTNFR1 in group B, in patients with less severe injury, was not significantly different from the standard at all time points, and the highest concentration in this group was recorded in the third hour of hospitalisation (Fig. 1) . The concentration of sTNFR1 in patients with post-traumatic complications (C + ) was significantly higher than in those without complications (C -) at 0 and 3 hours of observation. For the group with complications, the highest concentration value at point 0 was C + vs. C -: 1561.5 pg/ml vs. 930.6 pg/ml, p < 0.01 (Fig. 2) . The highest concentrations were observed in deceased patients (at 0 hours -477.75 ±2724.01 pg/ml). Concentration curves in both groups were similar.
Similarly to TNF-α, statistically significant differences in concentrations were also found for sTNFR1 at 0 and 3 hours between deceased patients and survivors.
Subsequently, the correlation was investigated between cytokine levels and the values of the assessment of patient severity status according to the ISS score. The ρ-Spearman correlation showed a statistically significant positive relationship between baseline concentrations of sTNFR1 (r = 0.59, p = 0.001) and ISS scores and the number of complications (r = 0.53, p = 0.003) (Figs. 3 and 4) . The correlation between TNF-α concentration and ISS scores was significantly weaker (r = 0.38, p = 0.043), while between the concentration of this cytokine and the number of complications it was r = 0.42, p = 0.02.
ROC curve analysis was performed in order to assess the risk of severe complications and death on the basis of cytokine concentrations (Fig. 5) .
High diagnostic sensitivity calculated from ROC curves was found for sTNFR1 concentrations. Sensitivity for this cytokine was 0.8 and specificity 0.96. It was found that sTNFR1 concentration equal to 2131.4 pg/ml correctly classified severe complications and mortality in 80% (p = 0.004) of cases, and the area under the curve was 0.92. Sensitivity for TNF-α was 0.80 and specificity 0.83. The cut-off point for this cytokine was 3.23 pg/ml, which meant that the level of this cytokine classified mortality in 80% (p = 0.043) of cases; the area under the curve was 0.79.
Discussion
Early identification of patients after severe injuries, in which a complicated clinical course may occur, is still difficult, and it has a significant impact on treatment outcomes. It should be taken into account, when interpreting the results of the present research as indicators of threatening complications, that each immune response to injury and infection can be physiological or pathological. An increased and prolonged pro-and anti-inflammatory response is a pathological response that can lead to multi-organ failure [14] . However, the distinction of these reactions in the early period of immune response in patients after major trauma is still difficult, hindering early diagnostics and appropriate therapeutic approach. The analysis of our results in this respect indicated rapid increase in the concentration of sTNFR1 after the injury (the highest at 0 hour of the study), but only in the group after major trauma, which confirmed the occurrence of systemic inflammatory response syndrome (SIRS) in these patients. The physiological response to injury was confirmed by the results in patients without complications, in which the differences in sTNFR1 concentrations were significant only after 0 and 3 hours of observation compared to the standard. The results of this study indicate that sTNFR1 monitoring in short time intervals may be helpful in distinguishing systemic pathological response (SIRS) from the physiological response. However, it should be stressed that the "diagnostic window" was short and in the present tests "closed" as early as within three hours of admission to the ED. This was also confirmed by our previous study, in which IL-6 and IL-1Ra concentrations were tested [27] .
The results of the current study indicate that the assessment of pro and antiinflammatory cytokine (TNF-α and sTNFR1) concentrations in the serum of post-traumatic patients may be a useful indicator facilitating the early diagnostics of SIRS, which allows us to identify the group with the highest risk of severe post-traumatic complications. Significantly higher cytokine concentrations were recorded in patients with complications, and they correlated with the extent of the injury. With the use of sTNFR1 from all patients admitted to the ED, it was possible to extract a group of patients at high risk of complications, who already had significantly elevated concentrations of this inhibitor at 0 and 3 hours after admission compared to patients without post-traumatic complications. It should be emphasised that the baseline concentrations of sTNFR1, although higher than normal, were similar in both groups (C + , C -), indicating the need to monitor changes in sTNFR1 concentration, because a single test performed after the admission to the ED would have limited diagnostic value. In contrast, TNF-α values were significantly higher only in deceased patients, which may indicate greater usefulness of sTNFR-1, as compared to TNF-α in the initial period after trauma.
The analysis of cytokines performed in other centres in patients with traffic multi-organ injuries showed that the assessment of IL-6 and IL-1Ra concentrations can be helpful in the early diagnostics of post-traumatic complications [28] [29] [30] [31] [32] . Similar results were obtained by Spielmann et al. [33] , who assessed the risk of SIRS and/or MODS by examining cytokine serum concentrations in patients with polytrauma. Peripheral blood samples were collected from patients at the site of the accident, at the time of arrival at the hospital (30-60 minutes), and 4, 12, and 24 hours after the injury, and then once a day until the sixth day after the injury. Clinical symptoms of SIRS and MODS were monitored during the observation. Despite a variety of injuries, the occurrence of SIRS was dependent on sTNFR1 concentration, which was also confirmed by our research. In contrast to our study, there was no correlation between sTNFR1 and MODS in that study. However, as in our research, there was no significant correlation between TNF-α levels and the occurrence of complications, including MODS. A constant increase in the concentration of this cytokine was observed from the fourth hour of injury only in deceased patients with major trauma.
The presented research is consistent with the results from other centres [18, 33, 34] . The highest sTNFR1 levels were recorded at the time of admission to the ED in the whole group of patients. However, it should be emphasised that the level of this mediator was gradually decreasing, regardless of the patient group, but it was still at an elevated level compared to the standard. This could be due to the prevalence of a pathological inflammatory reaction to injury and infection. On the other hand, it is difficult to distinguish the physiological reaction from the pathological one in a prolonged inflammatory response, in which the concentration of the TNF-α inhibitor is elevated and persists for longer in the peripheral blood. Regulation mechanisms of inflammatory response are still not well understood, which has a significant impact on the diagnostic use of these parameters in critically ill patients after major trauma, but other studies have shown that cytokines are important in maintaining the increased/pathological SIRS response leading to organ damage [35] .
Ribeiro et al. [34] observed that the increase in sTNFR1 concentration negatively affected the prognosis of patients after burn injury. The authors of this study found that sTNFR1 concentrations were significantly elevated in both survivors and in the deceased, but statistically significant differences in sTNFR1 concentrations between groups were recorded. In addition, a high correlation was found between sTNFR1 and the extent of burns and the APACHE II scale. However, the use of TNF-α as a prognostic indicator in this group of patients did not meet practical expectations. Nonetheless, the TNF-α concentration correlated with burn area 12 hours after the injury. The study schedule adopted by the authors (0, 6, 12, and 24 hours) was also focused on the early innate immune response, while to a lesser extent on the analysis of reactions to concomitant infections, the intensity of which usually increases in later days [35] . It is known that elevated levels of TNF-α occur primarily after injuries (communication injuries, burns, surgery) and in sepsis. These injuries may have a similar cytokine release profile [34] . Elevated level of TNF-α may be an indicator of poor prognosis [33, 34] .
Other studies, in which patients were divided according to the ISS score, with similar (to ours) time intervals of blood sample collection (0, 2, 6, and 8 h), indicated that there might be a correlation between ISS and TNF-α and sTNFR1 concentrations in the peripheral blood [18] . There was also a significantly elevated level of TNF-α as early as two hours after injury in patients with ISS ≥ 16 compared to the control group. The highest TNF-α levels were recorded within 24 hours of the injury, and they persisted until the third day and subsequently decreased to normal concentrations. Changes in the concentration of sTNFR-1, analysed in parallel, were similar, but they persisted longer at an elevated level. Concentrations of sTNFR1 were significantly higher than those of TNF-α. Unfortunately, attempts to treat these patients with monoclonal antibodies were unsuccessful [12, 36, 37] .
Analysis of the receiver operating characteristic (ROC) curve performed in the next stage of the study indicated that the observed immunological indicators (TNF-α and sTNFR1) could be promising prognostic markers of threatening complications and mortality. Based on the analysis of ROC curves, it was found that threshold values for the studied cytokines deviated significantly from the norm only in the case of sTNFR1. The sensitivity and specificity of the examined indicators was comparably high. It should be emphasised that commercially available immunoenzymatic tests facilitate the determination of peripheral blood cytokines in post-traumatic patients. These tests can be performed at the patient's bed, and they simplify monitoring of changes in cytokine concentrations directly after the injury, before complications occur, and during treatment. As shown by previous studies, the results of cytokine assays correlated with the level of procalcitonin [38] . The monitoring of concentrations of interleukins is more sensitive because their synthesis precedes elevated levels of CRP, procalcitonin, and other markers used in routine sepsis diagnostics and other post-traumatic complications [39, 40] . However, confirming the clinical usefulness of evaluating concentrations of these markers (TNF-α and sTNFR1) requires further studies in larger groups of patients treated in the ED. It is known that the cytokine response to trauma varies and thus depends on many factors (e.g. time of the test, type and extent of injury, infectious complications, and treatment), but the detection of early pathological SIRS response in routine procedures should be based on simple and easily available tests [17, 27] . Assessing the so-called "gene storm" associated with major trauma/sepsis requires advanced diagnostic techniques that are difficult for routine use, and this explains the "cytokine storm" mechanism underlying post-traumatic complications [10, 41, 42] . The results of genetic testing for early identification of patients after major traumas with high risk of complications are promising [42] .
Conclusions
Our results show that the elevated level of sTNFR1, determined in the peripheral blood shortly after injury (until 3 hours), is significantly associated with the occurrence of later complications, which in some patients lead to death. In turn, high levels of TNF-α shortly after injury are associated with high mortality. The value of monitoring concentrations of these cytokines in a selected group of patients with an increased risk of serious complications (ISS ≥ 20) is promising, but it requires further research in a larger group of patients. In addition to the primary treatment, early cytokine response, within the first three hours of hospitalisation, should be considered as a potential target for therapeutic intervention in patients treated in the ED, burdened with the highest risk of death.
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